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Abstract 
On Feb. 15, 2013, a meteoroid with a size of about 19 m plunged into the terrestrial 
atmosphere at 19 km s
-1
 and burst at an altitude of about 30 km over the city of 
Chelyabinsk, Russia.  Here we present light curves for the bolide in the red, green, and 
blue color bands, derived from an analysis of a video that was recorded by a dashboard 
camera and released on the Internet.  Our results demonstrate that the bolide was 
blue-green in color, which is inconsistent with the Planck spectrum before the meteor 
began to fragment.  Fragmentation triggered a flare-up of the bolide and 90% of its 
radiation energy at optical wavelengths was released within a period of about 2 s after 
that.  During the same period, the brightness ratios among the three bands became 
consistent with 4000 K blackbody radiation. Based on the peak luminosity, a surface 
area of several square kilometers would be required for a 4000 K blackbody.  It is 
considered that the radiation source of the bolide was an elongated cloud of vapor and 
debris produced through severe fragmentation of the meteor. 
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Highlights 
· A video record of the Chelyabinsk superbolide was analyzed and light curves were 
derived for the red, green, and blue color bands. 
· The bolide was blue-green in color and apparently did not radiate as a blackbody at 
altitudes above about 47 km. 
· About 90% of its total radiant energy at optical wavelengths was released during a 2 
second flare in the stratosphere. 
· The radiation during the flare is consistent with 4000 K blackbody radiation from an 
elongated source. 
 
Keywords: Chelyabinsk, bolide, fireball, meteor, meteoroid, hazard. 
 
1. Introduction 
  At 3:20 (UT), just at sunrise, a superbolide flew almost directly east to west with an 
entry angle measured from the horizon of about 18°, and burst in the stratosphere over 
the city of Chelyabinsk, Russia (Brown et al., 2013; Borovicka et al., 2013; Popova et 
al., 2013).  Based on an analysis of seismic, infrasound, and optical data, the impact 
energy, i.e., the initial kinetic energy of the meteoroid, is estimated to have been 
equivalent to 500±100 kilotons of TNT explosive (1 kiloton of TNT = 4.21012 J) 
(Brown et al., 2013).  Among known events, Chelyabinsk is the second most energetic 
event in recorded history, the first being that which occurred over Tunguska, Siberia, in 
1908 (Vasilyev, 1998).  The resultant blast waves propagated through the atmosphere, 
reached the ground a few minutes later, and then shattered glass windows, blew down 
walls, and caused injury to a few thousand people (Emel‟yanenko et al., 2013; Popova 
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et al., 2013). 
  Many video cameras that were mounted on dashboards, buildings, and other 
structures for purposes of surveillance, recorded the bolide and the resulting disasters, 
and these videos were immediately released on the Internet.  They are a useful source 
of information on the temporal variations in the brightness (light curves) and color of 
the bolide, although basic information such as the specifications and settings for the 
cameras is hard to obtain.  Four light curves have been published and they show the 
same features (Emel‟yanenko et al., 2013; Brown et al., 2013; Borovicka et al., 2013; 
Popova et al., 2013).  Following is a summary of these published results. 
  At its brightest, the absolute magnitude of the bolide, i.e., as seen from a distance of 
100 km, was about -27 (Brown et al., 2013; Popova et al., 2013).  The maximum 
brightness occurred at an altitude of about 30 km (Borovicka et al., 2013; Popova et al., 
2013).  The full width at half maximum of the main peak in the light curves was about 
2 s.  There was a minor peak or a shoulder about 2 s before the maximum, and another 
about 1.5 s after the maximum. 
  Unfortunately, there is no data on the spectrum of the superbolide radiation.  In 
addition, no results have so far been reported concerning its color.  This is probably 
because of the intrinsic difficulty in deriving meaningful and unambiguous results based 
on the video data.  Nevertheless, since such violent bolide events are separated by 
several decades on average, it is important to attempt to obtain spectral or color 
information that is as reliable as possible. 
  In the present study, we select a recorded video most suitable for photometric studies 
during the brightest period of the bolide, perform very careful data reduction, and obtain 
the light curves for the three video color bands.  The results are discussed in relation to 
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spectra of meteors and fireballs that have either been directly measured or calculated 
theoretically (e.g., Borovicka et al., 1998).  The temperature and size of the radiation 
source of the superbolide are then inferred.  We also consider reports of sunburn 
inflicted on some residents as a result of UV radiation. 
 
2. Video Data and Reduction Procedure 
2.1 Video data 
  We analyzed a video recorded and uploaded to YouTube by Aleksandr Ivanov in the 
city of Kamensk-Uralsky, Russia (Fig. 1).  The bolide was recorded when his car 
stopped at an intersection in the city.  One important fact concerning this video is that 
almost nothing, except for the bolide, is moving within the field of view.  There is 
actually a slight motion of his car, but this does not affect the data reduction and image 
analysis performed in this work.  Details on the video analyzed in this study are listed 
in Table 1.  It was downloaded using the software listed in the table with the 
high-quality option selected.  The latitude and longitude of the observation point were 
obtained from Google Maps using the World Geodetic System 84 standard.  There are 
many photographs of the St. Alexander Nevsky Chapel, which appears in the video, on 
the Google site.  We measured its width and height on a pixel scale in both the 
photographs and the video.  Its width-to-height ratio was found to be the same in the 
photographs and the video.  It was therefore concluded that the video showed a view 
with the same scale in both the horizontal and vertical directions. 
  The car was facing almost due south, and was just behind the stop line in the 
rightmost lane of Pobedy Street.  The position of the stop line, the chapel in the 
south-west corner, and two trees in the south-east corner of the intersection (left-hand 
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side in Fig. 1), were determined from a Google Maps satellite image.  The azimuthal 
direction of the camera and its azimuthal field of view were determined from a 
comparison of the positions of the chapel and trees in the satellite image and a video 
frame.  The vertical field of view was then calculated by assuming a pinhole camera 
with a flat image sensor.  It was assumed that the horizon was a horizontal line passing 
through the roof of the foremost car in the opposite lane, although in reality it may be 
somewhat tilted.  It should be noted that the elevation angle of region B in Fig. 1, 
together with the difference between its azimuthal angle and that of the sun, are used to 
calculate the brightness of the sky.  Consequently, small errors in direction do not 
seriously affect the results obtained in the present study. 
  The video timestamps indicate hours, minutes and seconds in local time.  We 
determined that the first frame after the timestamp was updated was exposed at the 
precise time indicated by the timestamp.  We therefore determined the time for every 
30
th
 frame, and that for other frames was estimated by interpolation.  The following 
correction process was then applied. 
  Based on the frame times thus determined, the maximum radiant intensity for the 
bolide occurred at 3:20:31.47 (UT).  However, from the satellite observations, the peak 
brightness was actually at 03:20:32.2 (UT) (Brown et al., 2013).  Therefore, in the 
following analyses, a correction of 0.75 s is added to all the times based on the video 
timestamps. 
 
2.2 Flat-field correction 
  If a camera is used to photograph a uniformly bright screen, the raw image appears 
brighter near the center than around the edges due to the characteristics of camera lenses.  
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Non-uniformity also arises from differences in sensitivity among the pixels of an image 
sensor.  Non-uniformity of the overall sensitivity causes errors when attempting to 
obtain the true brightness of a specific region in an image relative to some standard 
region located in another part in the image.  Therefore, images must be corrected in 
order to flatten the overall sensitivity before any analysis is carried out, a process 
referred to as “flat-field correction”. 
  In commercial dashboard cameras, flat-field correction is usually performed by signal 
processing within the camera itself.  We assumed that the dashboard camera used to 
record the video analyzed in the present study had such a function, although we did not 
contact the camera manufacturer to confirm this.  It was therefore assumed that the 
brightness of an object was independent of where it appeared within the video frame. 
 
2.3 Correction for nonlinear camera sensitivity 
  For normal dashboard cameras, the digital value of 0-255 for each color band is not 
proportional to the intensity of the light falling on a particular pixel.  The recorded 
pixel value y is related to the input luminance x entering a camera lens as  
   (1) 
(Burger and Burge, 2009; Holst, 1998; Childs, 1990).  Here, a1 depends on the aperture 
and gain, and changes with temporal variations of x by means of auto-iris and automatic 
gain control.  The gamma parameter  for basic cameras is common to the three color 
bands and does not change automatically.  It is usually fixed at about 0.45 (Burger and 
Burge, 2009; Holst, 1998), but is sometimes smaller in surveillance cameras, and can be 
set manually to any value in advanced cameras.  The parameter a2 in Eq. (1) is the 
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background pixel value in the absence of incoming light (the so-called „dark level‟).  
For the video analyzed in the present study, a2 was determined to be zero because the 
recorded pixel values were zero in very dark areas of the video frames.  The value of  
was determined to be 0.45 as described in Appendix A.  Therefore, to compensate for 
nonlinear pixel sensitivity, all digital values were converted using 
,    (2) 
where  = 0.45, and used in the following analyses. 
 
2.4 Correction for temporal variation of camera sensitivity 
One of the headlights of the stationary car in the opposite lane („HL‟ in Fig. 1) was 
used as a constant luminosity standard in order to correct for the effect of the auto-iris 
and automatic gain control of the camera.  While the images of all other headlights in 
the field of view were overexposed except during a period when the camera sensitivity 
was quite low, only a few pixels were overexposed for HL, and the degree of 
overexposure appeared small even during periods of high sensitivity.  In each video 
frame, we defined a region including HL whose size was 1010 pixels.  The values for 
the saturated pixels in this region were estimated based on the brightness distribution in 
the region obtained during a non-overexposed period.  We also defined a background 
region with a thickness of one pixel that surrounded the HL region in each video frame.  
The pixel values in the HL region were accumulated for each color band, with 
background correction being performed using the pixel values in the background region.  
The accumulated values are expected to have been stable before the bolide appeared, 
because the camera sensitivity should have been constant.  Though they fluctuated 
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with a standard deviation of about 13%, the fluctuations were relatively small during the 
period 03:20:19.96 to 03:20:20.61 UT, just before the bolide was first detected (Popova 
et al., 2013, Supplementary Materials).  The accumulated values were then normalized 
based on their average over this period.  The resulting temporal variation in the camera 
sensitivity relative to that during the pre-bolide period is shown in Fig. 2 for the three 
color bands.  Here, the horizontal axis represents bolide altitude rather than time.  The 
absolute values plotted in the figure are not important, but the relative variation is 
important for the results obtained in the present study. 
  Some cameras have an automatic white-balance (AWB) function that independently 
controls the gain for the R (red), G (green) and B (blue) bands so that the average color 
over an entire frame is white, to give the video the appearance of being recorded in 
natural sunlight.  The frames before the bolide appeared were bluish due to 
illumination by the blue sky, which indicates that the camera was not using AWB during 
this period.  In addition, frames recorded when the bolide was at an altitude of 
30-20 km were reddish.  However, in Fig. 2, there is no indication of the AWB 
function reducing the relative sensitivity in the R band.  This is further evidence that 
AWB was not functioning in this camera.  Although in Fig. 2, there are some 
differences in sensitivity among the bands, in the present analysis it was assumed that 
the temporal change in sensitivity was the same for the three bands.  Therefore, the 
temporal variation of the mean of the R, G, and B sensitivities was adopted for the 
camera sensitivity model A(t), where t denotes time. 
 
3. Analyses 
3.1 Radiative flux from the bolide 
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  In previous studies (Emel‟yanenko et al., 2013; Brown et al., 2013; Borovicka et al., 
2013; Popova et al., 2013), bolide radiation that was scattered by the ground or various 
objects was measured because the bolide itself is extremely overexposed in all the 
videos recorded of it.  In the same way, the intensity of light scattered from a region of 
the ground (Region A in Fig. 1) was evaluated in this work.  The size of Region A was 
12090 pixels in the video frames.  Since this region was apparently covered by snow, 
it was assumed that no light absorption occurred.  It was also assumed that isotropic 
scattering took place.  The latter assumption is supported by a careful examination of 
the video, which clearly shows anisotropic scattering from the surface of the 
intersection as the bolide moves, but not from the snow-covered surfaces. 
  The pixel values in Region A were summed for each color band, with background 
correction being performed using the pixel values in a dark area of the chapel („BG‟ in 
Fig. 1).  The corrected values were then divided by A(t) to obtain the 
sensitivity-corrected count Csnow(t), where the subscript  denotes the color band.  It 
should be noted that the R, G, and B color bands are assumed to be equivalent to 
monochromatic wavelengths of 650, 550, and 450 nm, respectively, in the following 
analyses.  They are therefore denoted as the R, G, and B wavelengths. 
  The average Csnow(t) during the period 03:20:19.61 to 03:20:20.61 UT, prior to the 
bolide appearance, is defined as the initial count Csnow0.  If Isnow0 is the specific 
intensity at the camera for the light from the snow-covered region during the pre-bolide 
period, the radiative flux F(t) from the bolide per unit area perpendicular to the bolide 
direction at the observation point satisfies the following equation (Rybicki and 
Lightman, 2004) 
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    
    ,  (3) 
where (t) denotes the zenith angle of the bolide as a function of time, calculated using 
the trajectory model of Borovicka et al. (2013).  The integration is performed over a 
local zenith angle  of between 0 and /2.  It may be helpful to note that the SI units 
for Isnow0 and F(t) are respectively [W m
-2
 sr
-1
 nm
-1
] and [W m
-2
 nm
-1
] if [nm] are used 
for wavelength. 
 
3.2 Brightness calibration 
  In previous studies, calibrations to obtain the absolute brightness of the bolide were 
performed based on US government satellite observation data (Brown et al., 2013), or 
by comparing the brightness of the sky in video frames and in pictures taken on another 
day that include the moon as a brightness standard (Popova et al., 2013).  In this work, 
we adopted the theoretically calculated brightness of the blue sky as a standard because 
the sky was clear over the city of Kamensk-Uralsky.  The brightness of a 9090 pixel 
region of the sky (Region B in Fig. 1) was used to calibrate the initial brightness of the 
snow-covered region.  The pixel values in Region B in the period before the bolide 
appeared were added following background correction using the dark area of the chapel, 
and were divided by A(t) (unity in this period).  These were then averaged to obtain 
Csky0.  The specific intensity Isnow0 is then obtained as 
      (4) 
where Isky denotes the specific intensity at the observation point for the light from 
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Region B, and Nsnow (=10800) and Nsky (=8100) are the number of pixels in Regions A 
and B, respectively.  Isky was calculated using a model that takes into account 
Rayleigh scattering and atmospheric absorption (see Appendix B). 
 
3.3 Spectral intensity and color temperature for bolide 
  Taking atmospheric absorption into account, the radiative flux F(t) from the bolide 
observed at the intersection „P‟ was converted to the spectral intensity S(t), i.e., the 
power per unit wavelength and per unit solid angle radiated towards the observer, using 
the relationships 
  ,    (5) 
  ,   (6) 
where (t) represents the transmittance of the atmosphere between the bolide and the 
observer (see Rybicki and Lightman, 2004, for the derivation of these equations).  The 
position of the bolide r(t) was calculated from its longitude, latitude, and height, as 
reported by Borovicka et al. (2013), and the coordinates of the observation point on the 
spherical Earth (Table 1).  The absorption cross section  and the atmospheric number 
density n(z) are described in Appendix B.  The integral in Eq. (6) was performed 
numerically, with dr‟ being calculated for altitude steps dz of 100 m. 
  In the case of blackbody radiation, the spectral intensity is expressed by the so-called 
Planck function, which is a function of wavelength that depends on the temperature of 
the body, multiplied by a constant related to factors such as the surface area of the body.  
The ratio of the spectral intensity at two specific wavelengths is then a function of the 
temperature alone, and is referred to as the color temperature (Matzner, 2001; Harwit, 
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1998).  In the present work, the color temperatures corresponding to the R/G, G/B, and 
R/B intensity ratios were calculated assuming a monochromatic wavelength for each 
color band. 
 
4. Results 
  S(t) obtained from Eq. (5) is not a spectral intensity in the strict sense of the word, 
because observations were performed in each of the color bands.  It is therefore 
henceforth referred to as the “bandpass photometric intensity”.  The temporal 
variations in the bandpass photometric intensity and color temperature are expected to 
provide important clues for studying the evolution of the superbolide phenomenon, and 
are plotted as functions of bolide altitude, rather than time, in Fig. 3.  Bolide 
phenomena depend strongly on the ambient atmospheric density, which increases 
monotonically with decreasing altitude.  Since for a descending meteor, elapsed time 
also increases with decreasing altitude, it is useful to consider changes with altitude 
instead of with time.  The altitude of the bolide was calculated based on Borovicka et 
al. (2013), where 1 km approximately corresponds to 0.16 s. 
  The bandpass photometric intensities in Fig. 3a show the same characteristics as 
previously reported light curves (Emel‟yanenko et al., 2013; Brown et al., 2013; 
Borovicka et al., 2013; Popova et al., 2013), i.e., an initial small peak at altitudes 
between 47 and 42 km and a flare peak at 30 km.  A final peak occurred below 26 km 
but was not identified in our analyses because the sensitivity of the camera was too low 
to measure the brightness of Region A at that time. 
  Our light curves show however some features not seen in the previous ones at 
altitudes above 47 km, e.g., a decrease in the intensities at 55-50 km.  It could not be 
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real.  Some of the error sources are evaluated in detail in Appendix C.  But, they 
cannot explain the decrease.  The expected error in the camera sensitivity model A(t) 
for example causes the errors in the intensities of about 20% at the altitude.  That is not 
enough to explain the decrease.  The bolide is not so bright at altitudes above 47 km.  
Then, some factors that are difficult to assess and evaluate could cause errors when 
obtaining the small values of the bandpass photometric intensities. 
  In spite of the unexpected features in the light curves described above, the differences 
in intensity among the R, G, and B bands at altitudes above 47 km would be reliable.  
This is because, at least, the differences do not importantly depend on the sensitivity 
model A(t).  The blueish color above 47 km and reddening below that altitude would 
be real. 
  The uncertainties in the camera sensitivity described above do not seriously affect the 
color temperatures in Fig. 3b.  The monochromatic approximations for the three color 
bands are expected to be the most important error sources.  One way to estimate the 
error is to determine the temperature based on other representative wavelengths.  For a 
wavelength uncertainty of 10 nm, the error in the temperature would be about 400 K 
(Appendix C.2).  It is important to note that the color temperatures are derived based 
on the assumption of blackbody radiation, as are the above error estimates. 
 
5. Discussion 
5.1 Temporal variation of intensity and color 
  Our results show that above 47 km, the Chelyabinsk bolide was darker in the R band 
than in the G and B bands, and was blue-green in color (Fig. 3a).  If the bolide radiated 
as a blackbody of a single temperature, the three color temperatures should agree with 
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each other and indicate the true temperature.  The fact that the three color temperatures 
are quite different from one another above 47 km (Fig. 3b) indicates that the spectrum 
of the bolide was quite different from that expressed by a Planck function. 
  Spectra of meteors, which appear at high altitude of about 80 km, consist of line 
emissions of various elements and band emissions of some molecules (Abe et al., 2000; 
Borovicka and Betlem, 1997; Trigo-Rodriguez et al., 2003; Trigo-Rodriguez et al., 
2004).  Fireballs and bolides that are much brighter than meteors also show spectra 
dominated with the line emissions while they move in the high altitude (Borovicka, 
1993).  Benesov (EN070591) meteoroid, which was about 13000 kg in mass, was the 
largest stony meteoroid for which bolide spectra were observed (Borovicka and Spurny, 
1996).  Its initial velocity, 21 km s
-1
, was close to that of the Chelyabinsk meteoroid, 
although the former entered the atmosphere almost vertically.  The spectra of the 
Benesov bolide observed at altitudes of 78 km and 63.5 km show many intense lines in 
a wavelength range corresponding to the G and B bands (Borovicka and Spurny, 1996).  
The blue-green color of the Chelyabinsk bolide above 47 km is consistent with a 
spectrum dominated by line emissions in these bands. 
  For the Chelyabinsk bolide, at an altitude of 47 km, the intensity in the R band 
eventually became comparable to those in the G and B bands.  The intensity ratio 
between the G and B bands also increased, and there was agreement among the three 
color temperatures.  The change could be associated with the fragmentations of the 
meteoroid.  Though an analysis of sonic booms indicated a series of severe 
fragmentations between 40 and 30 km, seismic data suggests a single one at 47 km 
(Borovicka et al., 2013). 
  The reddening may have been due to the release of sodium bearing materials during 
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fragmentation, producing strong sodium emission at 590 nm, as has been observed for a 
Perseid meteor (Trigo-Rodriguez and Llorca, 2007).  However, the agreement of the 
three color temperatures makes the blackbody explanation more likely. 
  Observations of the Benesov bolide indicated that the continuum spectrum made a 
more important contribution at altitudes below 24.5 km compared to altitudes of 78 and 
63.5 km (Borovicka and Spurny, 1996).  Theoretical studies on bolide spectra predict 
that the continuum contribution is more important for larger meteors at lower altitudes 
(Golub et al., 1997).  Because the Chelyabinsk meteoroid was an order of magnitude 
larger than the Benesov meteoroid, it is possible that in the former case the bolide was 
optically thick, allowing its emission spectrum to be dominated by the continuum rather 
than discrete emission lines. 
  Golub et al. (1997) calculated a spectrum for a meteoroid similar to the Chelyabinsk 
meteoroid, that is, a 10 m H-chondrite moving at 20 km s
-1
 at 40 km in altitude.  The 
simulated spectrum is dominated by continuum.  But, line emissions are still 
superimposed on the continuum and the spectrum is not the one well expressed by a 
Planck function.  Their model however does not take meteoroid fragmentations into 
account.  The fragmentations may result in major fragments dispersed so much that the 
radiation source for each fragment is separated each other and their overall optical 
thickness becomes thinner than before (Borovicka et al., 1998).  However, if the 
fragments do not disperse, fragmentations would increase the surface area of the 
meteoroid‟s material, enhance its ablation, and make a single radiation source optically 
thicker than before.  If the latter process happened in the Chelyabinsk bolide, its 
spectrum after the fragmentations could be well approximated by a Planck function as 
long as its temperature was uniform within the source. 
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  Borovicka (1994) has shown that the combination of two spectra reproduces well the 
intensities of line emissions in a meteor spectrum.  Temperatures are about 4000 K for 
the main spectrum and about 10000 K for the second spectrum.  It was also found that 
the importance of the second spectrum increased significantly with meteor velocity 
(Borovicka, 1994).  The mass ratio of the region forming the second spectrum to that 
forming the main spectrum M2/M1 and the velocity v in km s
-1
 have the following 
relationship, M2/M1 = 510
-5
·exp(0.1·v).  The velocity of the Chelyabinsk bolide, 19 
km s
-1
, leads to M2/M1 = 310
-4
.  Thus, the second spectrum would be negligible.  It 
would therefore not be surprising that the bolide radiated as a blackbody with a single 
temperature corresponding to the main spectrum. 
  The temperatures of the main spectrum T1 [K] of meteors, fireballs, and bolides are 
within a range of 3400-5800 K (Borovicka, 1993; Borovicka, 1994; Borovicka and 
Spurny, 1996; Trigo-Rodriguez et al., 2003; Trigo-Rodriguez et al., 2004; 
Trigo-Rodriguez and Llorca, 2007).  It may depend slightly on the meteor velocity 
(Trigo-Rodriguez et al., 2003).  Their results on eight meteors in the velocity range of 
23.1-71.9 km s
-1
 show a relationship, T1 = 20·v + 4000.  The relationship predicts 4400 
K for the Chelyabinsk bolide, though it may not be applicable to the Chelyabinsk bolide 
because their results were obtained for small meteors at altitudes over 60 km.  In the 
case of Benesov bolide, T1 varies between 4200 and 5200 K at altitudes below 24.5 km 
(Borovicka and Spurny, 1996).  Taking the differences in meteoroid‟s size, velocity, 
altitude of flare-up, and fragmentation process between the Chelyabinsk bolide and the 
others into account, the temperature of about 4000 K at an altitude of 39-30 km would 
be reasonable.  It is interesting to note that the bolide, which is more than an order of 
magnitude larger in size than the others, shows the similar temperature. 
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5.2 Radiation source 
   As discussed in the previous sub-section, the radiation source could be well 
approximated by a blackbody at a uniform temperature below an altitude of 47 km.  It 
should be noted that about 90% of the radiation energy was released during this 
„blackbody period‟.  To account for the observed maximum intensities assuming a 
4000 K blackbody source, its projected area along the line of sight of the observer 
would need to be 8 km
2
.  Because shocked air does not radiate significantly at visible 
wavelengths (Bose et al., 2009) and vapor associated with the meteor would not be 
expected to expand more than a few hundred meters perpendicular to the bolide 
trajectory (Appendix D), the source must be elongated and several kilometers in length. 
  As can be seen in Fig. 1, a region darker than its surroundings exists at the center of 
the bolide image at altitudes below 47 km.  In some types of cameras, extremely bright 
objects that cause serious overexposure of the image sensor appear dark instead of 
perfectly white (Nakamura, 2012).  An example is shown for a glowing light bulb in 
Fig. 4.  If this was the case also for the video analyzed in the present study, the dark 
region could provide clues about the shape and size of the radiation source.  The 
temporal variation of the dark region is shown in Fig. 5.  It first appears dot-like, and 
then increases in length while maintaining a constant width.  We defined the region in 
the raw downloaded video where pixels had a G value of less than 231 as the dark 
region.  The area of the region projected along the observer‟s line of sight was 
calculated from the area in the video frames and the distance to the bolide, and is plotted 
in Fig. 6.  The projected area of the dark region varies in a similar way to the bandpass 
photometric intensities in Fig. 3a, in that there is an initial small peak at 47-42 km 
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followed by a prominent enlargement and a maximum at 30 km.  There is also a small 
increase below 26 km, which is thought to correspond to the final peak reported by 
other authors (Emel‟yanenko et al., 2013; Brown et al., 2013; Borovicka et al., 2013; 
Popova et al., 2013). 
  It should be noted that the intensity for blackbody radiation at a constant temperature 
is proportional to its projected area.  Figure 6 shows the projected area for a 4000 K 
blackbody with a spectral intensity at 550 nm equal to that observed for the G band.  
The maximum projected area of the dark region is 7 km
2
, which agrees well with the 8 
km
2
 necessary for a 4000 K blackbody to radiate with the observed bandpass 
photometric intensity.  Although the agreement between the two kinds of projected 
areas is not good for all altitudes, probably due to the change in the camera sensitivity, 
the results for the dark region suggest that the radiation source became elongated and 
increased in brightness. 
  Radiation source is modelled as a prism with square base (Borovicka, 1993) or a 
column (Borovicka and Spurny, 1996) in the quantitative analyses of fireball spectra.  
The ratio of prism length to the width of the base, or the ratio of column length to 
column diameter is 2 in the model.  The diameter and length for the Benesov bolide 
are respectively 20 m and 40 m at maximum.  The maximum projected area of 800 m
2
 
is then 10
-4
 of that for the Chelyabinsk bolide.  Taking size ratio between the two 
meteoroids of about 10 into consideration, the difference of the projected area seems to 
be too large.  Fragmentations would cause the significant difference. 
 
5.3 Comparison with satellite results 
  The maximum bandpass photometric intensity in the G band for a bolide altitude of 
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30 km corresponds to a radiant intensity of 3.71013 W sr-1, assuming 4000 K 
blackbody radiation.  On the other hand, the maximum radiant intensity derived from 
the US government satellite observations assuming 6000 K blackbody radiation is 
2.71013 W sr-1 (Brown et al., 2013). 
  The output of the satellite sensor Vobs(t) is expressed as 
  ,   (7) 
where t and  denote the time and wavelength, respectively.  BT() represents the 
energy per unit wavelength radiated per unit surface area by a blackbody at a 
temperature T.  The brightness variation is attributed to the temporal variation of the 
projected area Ap(t) of a spherical blackbody at a constant temperature.  The spectral 
sensitivity of the satellite sensor is denoted by (), which has a maximum value of 
unity.  Factors related to the maximum sensitivity and the distance between the satellite 
and the bolide are represented by the constant k.  The radiant intensity E
．
rad is then 
estimated as 
, (8) 
where Ap(t) is given by Eq. (7).  Because Vobs(t) and k are independent of the assumed 
temperature, the radiant intensity at 4000 K (E
．
4000) can be calculated from that at 
6000 K (E
．
6000 ) as 
  .   (9) 
Based on the spectral sensitivity of the satellite sensor (Tagliaferri et al., 1994), Eq. (9) 
gives a value of 1.01, and the satellite result is converted to E
．
4000 = 2.710
13
 W sr
-1
, 
which does not agree with the result obtained in the present study. 
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  If a 6000 K spectrum is instead assumed in the present study, the maximum bandpass 
photometric intensity leads to a radiant intensity of 2.11013 W sr-1.  Thus, the 
maximum radiant intensities derived from the video record and the satellite data again 
do not agree with each other.  It is possible that artificial brightness fluctuations in the 
video record made the maximum higher than the real value.  It should be noted that 
using the average bandpass photometric intensity over a 0.4 s period around the 
maximum (altitude change of 2.0 km) results in a radiant intensity of 2.91013 W sr-1, 
which almost agrees with the satellite result for either temperature. 
  The radiant energy, which corresponds to the radiant intensity integrated over time 
and solid angle, is less affected by differences in time resolution or by brightness 
fluctuations than the maximum radiant intensity.  Integration of the radiant intensity 
for bolide altitudes below 47 km resulted in a radiant energy of 3.91014 J.  In the 
calculation, it was assumed that the radiation was isotropic, although anisotropy exists 
because of the elongated source, as discussed above.  It should be noted that the 
integrated bandpass photometric intensity in the G band for altitudes below 47 km is 
93% of that for the entire period.  Data for altitudes above 47 km were excluded 
because the bolide spectrum was far from that for a blackbody at those altitudes. 
  Brown et al., (2013) estimated a radiant energy of 3.751014 J based on the satellite 
observations and the assumption of isotropic 6000 K blackbody radiation.  This value 
is in reasonable agreement with the result calculated above.  However, since the 
temperatures used are different, this agreement is just coincidence.  Equation (9) can 
be used for converting radiant energy by replacing E
．
4000 and E
．
6000 with E4000 and E6000, 
respectively.  The satellite result is then converted to 3.791014 J, which almost agrees 
with our result. 
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  We also calculated the converted values for other temperatures and compared them in 
Table 2 with our results obtained assuming these temperatures.  The table shows the 
two results agree at about 3.91014 J if a 4000 K blackbody radiation is assumed.  We 
may be able to discard the possibility of other temperatures because the errors in our 
bandpass photometric intensities would be smaller than 20%, as described in the 
previous section. 
  It should be noted that the impact energy estimated based on the satellite observations 
(Brown et al., 2013) is not affected by the discussion above.  It was determined from 
an empirical relationship between the impact energy and the radiant energy for 13 
different bolides (Brown et al., 2002), where the radiant energy was calculated from the 
satellite data assuming 6000 K blackbody radiation.  Therefore, if this relationship is 
applied to estimate the impact energy from the satellite data, a different temperature 
should not be used. 
 
5.4 Radiation hazard 
  Although most of the injuries caused by the bolide were due to cuts caused by glass 
shattered by the blast wave, 65% of 1113 respondents in an internet survey who were 
outside claimed to have felt warm or hot due to the bolide radiation (Popova et al., 
2013).  Surprisingly, 2.2% of them, including residents in Chelyabinsk and in Korkino, 
which was nearest to the point of the peak brightness, were reported to be sunburned 
(Popova et al., 2013).  Sunburn, which is associated with DNA damage due to 
ultraviolet (UV) photons, naturally occurs under exposure to UV-B, which has a 
wavelength between 280 and 315 nm.  Sunlight at shorter wavelengths (UV-C) is 
absorbed completely by the ozone layer, and that at longer wavelengths (UV-A) does 
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not cause sunburn.  A significant portion of solar UV-B is also absorbed by the ozone 
layer.  Assuming a 6000 K blackbody spectrum, Popova et al. (2013) estimated the 
UV-B dose to be ~200 J m
-2
 at Korkino.  This is smaller than the threshold for the 
onset of sunburn (1000 J m
-2
, Popova et al., 2013) by a factor of five.  They suggested 
that reflection by buildings and the snow-covered ground may have increased the dose 
to the threshold level.  However, the assumption of 6000 K radiation is inappropriate, 
as discussed above. 
  In the case of 4000 K blackbody radiation, 0.22% of the entire radiated energy is in 
the UV-B region.  The dose at a distance of 30 km from the bolide (the bolide altitude 
at peak brightness) is then calculated to be only 76 J m
-2
 based on the estimated radiant 
energy of 3.91014 J.  A substantial part of the terrestrial ozone layer exists below 
30 km and therefore absorbs UV-B.  Furthermore, the time-averaged distance between 
the people affected and the bolide was larger than 30 km, further reducing the UV-B 
dose, and making sunburn unlikely. 
  The dose over the entire wavelength range calculated based on the radiant energy is 
3.4104 J m-2 at a distance of 30 km.  The actual dose may be smaller due to 
atmospheric absorption and the larger time-averaged distance.  On the other hand, 
reflection by buildings and the snow-covered ground would increase the dose.  In 
some particular cases, the dose might have exceed 8104 J m-2, which is the minimum 
dose that causes thermal radiation burns in nuclear explosions (Glasstone and Dolan, 
1977).  In this situation, the photons do not directly damage DNA.  Therefore, the 
affected people might not have been sunburned, but instead injured by thermal burns. 
  The radiation from the bolide could have consisted of two components, the main 
4000 K blackbody radiation and a UV-B component.  Neither the dashboard camera 
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nor the satellite sensor was sensitive to UV-B and so could not observe the second 
component.  The results of a one-dimensional calculation showed that a shock wave 
propagating at 19 km s
-1
 in the atmosphere at an altitude of 30 km would increase the 
temperature from 200 K to 10
5
 K.  The real temperature would be lower due to 
decomposition and ionization of atmospheric molecules.  Three dimensional effects 
would also decrease the average temperature.  Nevertheless, the temperature would be 
high enough to cause radiation at UV wavelengths.  Shocked atmospheric molecules 
radiate strongly in the UV-C (Bose et al., 2009).  Though such radiation would not 
reach the ground due to atmospheric absorption, it would contribute to evaporating the 
meteor and heating the resulting vapor.  The hot vapor at ~10
4
 K around the head of 
the meteor would radiate in the UV-B.  Although a significant fraction would be 
absorbed by the ozone layer, the dose on the ground might be large enough to cause 
sunburn. 
  Two-component spectra were found for four different fireballs (Borovicka, 1994).  
The temperatures are about 10000 K for the second spectrum, and do not depend on 
meteor velocity.  The temperature is high enough to radiate UV-B.  It is not clear 
however whether the second component actually radiates in the UV-B, because the 
previous observations were made at wavelengths longer than 350 nm.  On the other 
hand, the second spectrum decreases significantly with the decreasing velocity 
(Borovicka, 1994).  According to his formula, the mass ratio of the region forming the 
second spectrum to that forming the main spectrum is 310-4 for the Chelyabinsk as 
calculated in sub-section 5.1.  Then, the dose over the entire wavelength range of 
3.4104 J m-2 in the main component lead to a dose of 10 J m-2 for the second 
component, if the mass ratio is proportional to the intensity ratio.  The assumption of 
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the proportionality would not be correct, but the dose estimated above is too small to be 
a candidate for a cause of the sunburns.  There may be some mechanism, which we do 
not know, for radiating efficiently in the UV-B wavelengths. 
 
6. Summary and Conclusions 
  A video record of the Chelyabinsk superbolide posted on the Internet was analyzed 
and light curves were derived for the red, green, and blue color bands.  At an altitude 
of greater than 47 km, the bolide was blue-green in color, which was inconsistent with 
the Planck spectrum.  Fragmentation of the bolide began at 47 km, and the brightness 
ratios among the three colors became consistent with blackbody radiation.  During the 
flare of the bolide, when 90% of its total radiation energy was released, the blackbody 
temperature determined from the brightness ratios was almost constant at 4000 K. 
  A dark region was observed at the center of the bolide image in the video, and this is 
thought to represent the very bright radiation source.  The size of the region is 
consistent with the surface area for a 4000 K blackbody that is required in order to 
produce the maximum observed radiant intensity.  The region was elongated in shape 
at its maximum intensity, indicating that the source was an elongated 4000 K blackbody.  
Its length and width were calculated to be about 7 km and 1 km, respectively. 
  The radiant energy obtained in this study agrees with that determined from satellite 
observations if 4000 K blackbody radiation is assumed, but not 6000 K blackbody 
radiation.  Although there may be many sources of errors in our results, the 
concordance of the above facts suggests that during the bolide flare period, the radiation 
source would be a 4000 K blackbody. 
  The radiant energy of the bolide and a Planck spectrum at 4000 K do not lead to a 
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UV-B dose that can cause the sunburn reported by a few tens of people.  There could 
exist an unknown mechanism that radiates in the UV-B strongly enough to cause 
sunburn. 
 
Appendix A: Nonlinearity of camera sensitivity 
  The car on which the camera was mounted turned right and moved west along Lenina 
Street after the bolide had disappeared.  No object in the field of view was yet 
illuminated by sunlight, and there seemed to be nothing in the video scene whose 
brightness was changing sufficiently to cause the auto-iris control and the automatic 
gain control of the camera to work.  It was therefore assumed that a1 in Eq. (1) was 
constant during this period.  It should be noted that a2 is zero as mentioned in the text.  
Assuming  to be 0.35, 0.40, 0.45, or 0.50, the digital values for each pixel in the three 
color bands during this period were converted using Eq. (2). 
  With an appropriate value of, y’ should be proportional to the real brightness.  
There was an illuminated signboard on the left side of the street 340 m from the 
intersection.  The brightness of the signboard Y’sb was measured for each frame by 
summing the converted values in a rectangular region that included the signboard.  No 
correction for background brightness was made because it was sufficiently dark.  The 
distance X between the car and the signboard was determined from a Google Maps 
satellite image and using the street view function.  The brightness values thus obtained 
were plotted versus the distance on a logarithmic scale for periods when nothing was 
obstructing the view of the signboard.  The following relationship was used to obtain 
the best value for . 
    (A.1) 
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Because the true brightness should be inversely proportional to the square of the 
distance,  should be 2 for an appropriate value of .  The value of  increases with 
decreasing , and is 1.69-1.77, 1.97-2.16, and 1.75-1.86 for the R, G, and B bands, 
respectively, as  changes from 0.35 to 0.50.  It can be seen that  is less than 2 for all 
 values in the R and B bands. In contrast, for the G band,  is close to 2 for a  value of 
0.45.  We determined  to be 0.45 for the three color bands.  It should be noted that 
the signboard is brightest in the G band, and 0.45 is the typical value for normal video 
cameras (Burger and Burge, 2009; Holst, 1998).  The effect of the uncertainty in  on 
the results is described in Appendix C.1. 
 
Appendix B: Brightness of blue sky 
  The R, G, and B color bands were assumed to be equivalent to monochromatic 
wavelengths of 650, 550, and 450 nm, respectively, and the brightness of the blue sky 
(Region B in Fig. 1) was calculated theoretically. 
  The elevation and the azimuth of the center of Region B were respectively 21°, and 
22° from south to west.  The azimuth of the sun was 68° from south to east and the sun 
was just on the horizon.  The line of sight from the observer to Region B, PQ (Fig. 
B.1) was therefore perpendicular to the sunbeam.  In the model, the atmosphere is 
homogeneous in composition, 86 km in thickness, and its number density, n(z), varies 
only with altitude, z, according to the US Standard Atmosphere 76 model.  The 
sunlight enters the atmosphere at A‟ (not shown in Fig. B.1) and the decrease in its flux 
along the ray until it reaches point A located on the line of sight is given by  
  ,  (B.1) 
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where ds is a differential element of length along the ray.  The number density at each 
point on A‟A is calculated after converting the coordinate s (s = 0 at A‟) to altitude z(s).  
Fsun0 is the solar flux outside the atmosphere (Livingson, 1999), and  is the 
absorption cross section for atmospheric molecules. 
  The flux is scattered by the molecules at A.  The specific intensity due to Rayleigh 
scattering by the molecules in a cylindrical volume with a unit base area and a length ds‟ 
for the direction from A to P is  
  (B.2) 
where R denotes the Rayleigh scattering cross section.  It should be noted that the 
scattering angle  is 90° at any point along the line of sight. 
  This specific intensity decreases along the ray AP, and the intensity at P is  
    (B.3). 
Integration of dI(A) (a function of s‟) along the line of sight between P and Q, where Q 
is on the top of the atmosphere, gives Isky as  
       (B.4). 
  The integrals in Eqs. (B.1), (B.3), and (B.4) were performed numerically, where ds, 
ds”, and ds‟ were calculated along the path for each step with dz = 100 m.  The 
altitudes of Q and P are respectively 86 km and 0.2 km. 
  The Rayleigh scattering cross section varies inversely with the 4
th
 power of the 
wavelength.  Therefore, R was calculated at the R, G, and B wavelengths based on 
this relationship and the cross section of 3.2210-31 m2 for air at the sodium D line 
(Nagata and Tohmatsu, 1973). 
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  The absorption cross sections are calculated based on the following expression for the 
atmospheric transmittance T 
      (B.5). 
These values are summarized in Table B.1. 
 
Appendix C: Estimation of errors in the results 
  The effect of some of the error sources on the results is difficult to estimate.  These 
include: (1) irreversible data compression effects in the video camera and during 
uploading to the Internet; (2) uncertainty in the absorption and scattering properties of 
the snow-covered ground; (3) uncertainty in the atmospheric transmittance around 
Chelyabinsk at that time.  Here, the errors due to the following potentially important 
factors are estimated. 
 
C.1 Error in camera gamma parameter 
  The  parameter in Eq. (1) determined to be 0.45 in Appendix A could be associated 
with some error.  In surveillance cameras, it sometimes has a value of 0.35 in order to 
enhance the contrast for dark objects.  The entire analysis in this work was therefore 
repeated with  = 0.35 in order to examine the effect on the results.  The maximum 
bandpass photometric intensities in the R, G, and B bands are respectively 2.0, 1.5, and 
0.99 times the maxima in Fig. 3a.  The three color temperatures calculated from the 
R/G, G/B, and R/B brightness ratios during the brightest period of about 1.5 s agree with 
one another, but at a lower temperature of about 3400 K. 
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C.2 Errors due to monochromatic wavelength assumptions for R, G, and B bands 
  It was assumed that the three color bands could be represented by monochromatic 
wavelengths of 650, 550, and 450 nm.  A change of the wavelengths leads to different 
values for the atmospheric absorption and Rayleigh scattering cross sections, and causes 
a change in the calculated specific intensities for the blue sky.  The difference in the 
cross sections also affects the derivation of the bandpass photometric intensities for the 
bolide from the radiative flux at the observation point.  To investigate the extent of 
these effects, calculations were performed with different representative wavelengths.  
It was found that a change in wavelength of +10 nm leads to a change of about -10% in 
the bandpass photometric intensities shown in Fig. 3a for each of the three wavelengths. 
  The change in the intensities then affects the color temperatures.  Here, the shorter 
and longer wavelengths are denoted as s and l, respectively.  The calculations show 
that a change of +10 nm in s or -10 nm in l leads to a change of about -400 K for the 
R/G and G/B temperatures, and about -200 K for the R/B temperature. 
 
C.3 Errors due to error in camera sensitivity 
  We rewrite Eq. (3) as 
      (C.1) 
where y(t) = F(t)cos(t), and x(t) = Csnow(t)·A(t), that is, the count before the 
sensitivity correction.  The relative error in the bandpass photometric intensity, S(t), in 
Fig. 3a is equal to that in y(t), if we consider errors only in A(t) and x(t).  Total 
derivative of y(t) is 
  .  (C.2) 
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By dividing Eq. (C.2) by Eq. (C.1), we get; 
  .   (C.3) 
  Supposing the errors in A(t) and x(t) are independent each other, the relative error in 
y(t) is then expressed as follows; 
  .  (C.4) 
The largest deviation among the R, G, and B sensitivities from A(t) was defined as dA(t) 
as a function of time.  The ratios of the standard deviation to the average of x(t) during 
the pre-bolide period are 0.041, 0.015, and 0.018 respectively for the R, G, and B bands.  
Their average, 0.025, is used as a constant dx/x.  The relative errors calculated 
according to Eq. (C.4) for the three color band are shown in Fig. C.1.  It should be 
noted that the average of dA/A between 75 km and 20 km in the bolide altitude is 0.1 
and more important than dx/x. 
  The effect of the error on the color temperature is smaller than that on the bandpass 
photometric intensity, because the intensity at the shorter and the longer wavelengths 
changes in the same way, and the intensity ratio does not change so much.  Even for an 
increase in the sensitivity by a factor of 2, the temperature decreases by only a few 
percent. 
  The assumption that the sensitivity in the three bands varies in the same way with 
time (no automatic white balance) is important with regard to the conclusion that the 
bolide radiated as a blackbody.  If a model is adopted in which the sensitivity in the 
three bands varies independently as shown by the three different curves in Fig. 2, the 
color temperatures obtained from the three spectral intensity ratios do not agree, and 
there is a difference of about 1000 K between them at an altitude of 39-30 km (4000 K 
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for R/G, 5000 K for R/B, and 6000 K for G/B). 
 
Appendix D: Radius of cylindrical bolide 
  The meteor vapor experiences atmospheric counter-pressure and does not expand 
infinitely perpendicular to the meteor trajectory.  When a vapor cloud is modeled as a 
cylinder whose axis is parallel to the trajectory, its radius can be approximately 
estimated as follows (Tsikulin 1970).  The energy deposited per unit length along the 
trajectory is the work done by the meteor against the drag force. 
      (D.1) 
Here, CD is the drag coefficient, r0 is the radius of a spherical meteor, 0 is the ambient 
atmospheric density, and v is the meteor velocity.  The energy per unit length for the 
vapor to expand to a radius R is 
  ,      (D.2) 
where p0 is the ambient atmospheric pressure.  Equating the two energies leads to 
   .    (D.3) 
Because the ambient sound velocity is  where  is the ratio of specific 
heats, Eq. (D.3) reduces to 
  .    (D.4) 
According to the formula in Baldwin and Sheaffer (1971, Appendix), CD = 1.0 for any 
values of the two parameters in the formula, that is, the ambient atmospheric density 
below an altitude of 75 km, and a meteoroid radius larger than 1 m.  For nitrogen and 
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oxygen molecules,  = 1.4 and v = 19 km s-1 (Borovicka et al., 2013; Popova et al., 
2013), the sound velocity depends on temperature alone, and c = 300 m s
-1
 at an altitude 
of 30 km (US Standard Atmosphere 76 model).  Using these values with Eq. (D.4) then 
leads to 
  ,      (D.5) 
and R = 500 m if the initial radius of the meteoroid, 9.5 m (Brown et al., 2013; 
Borovicka et al., 2013; Popova et al., 2013), is taken for r0. 
  The effective radius of the meteoroid would be larger than 9.5 m because of 
fragmentation.  On the other hand, the distance the vapor can expand in one or two 
seconds is much smaller than R.  A radius of several hundred meters would therefore 
be a reasonable estimate. 
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Figure captions 
 
Figure 1. A frame at the maximum brightness of the Chelyabinsk bolide recorded in 
Kamensk-Uralsky, Russia.  The brightness and contrast of the image were enhanced to 
show details in dark areas.  See the text for a describing of the labels in the figure. 
 
Figure 2. Temporal variation of camera sensitivity normalized by that during the 
pre-bolide period.  The data are plotted as a function of the bolide altitude calculated 
based on its trajectory reported by Borovicka et al. (2013).  The thick, thin, and dotted 
lines correspond respectively to the R, G, and B color bands.  They were obtained by 
assuming that the luminosity of one of the headlights of cars stopped in the opposite 
lane („HL‟ in Fig. 1) was constant. 
 
Figure 3. (a) The bandpass photometric intensities of the Chelyabinsk bolide plotted as 
functions of the bolide altitude.  The thick, thin, and dotted lines show the intensities 
respectively in the R, G, and B bands.  See Appendix C for their errors.  The black 
triangles indicate the altitudes at which meteoroid fragmentation occurred, with the 
upper two triangles corresponding to severe fragmentation events (Borovicka et al., 
2013).  (b) Color temperatures of the bolide as functions of altitude.  The thick, thin, 
and dotted lines show the temperatures based on the R/G, G/B, and R/B intensity ratios, 
respectively.  The error would be about ±400 K (see the text). 
 
Figure 4. Example of strongly overexposed image.  (a) Video frame of a light bulb 
when it is off taken by a Moticam 1000 camera with a CMOS image sensor 
(SHIMADZU, Japan).  The height of the bulb is 2 cm.  (b) A frame when the bulb is 
on.  Note that the glowing filament of the bulb appears dark. 
 
Figure 5. Temporal variation of the dark (probably brightest, see the text) region of the 
bolide.  Enlarged images near the center of the bolide at four bolide altitudes.  The 
central region is darker than its surroundings in some frames, probably due to serious 
overexposure of the image sensor.  The length and the width of the dark region at 30.1 
km are respectively 7 km and 1 km. 
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Figure 6. Temporal variation of the projected area of the dark (probably brightest, see 
the text) region of the bolide (dotted line).  The area of the region projected along the 
observer‟s line of sight is plotted.  Thin line shows the projected area for a 4000 K 
blackbody with a spectral intensity at 550 nm equal to the bandpass photometric 
intensity in the G band. 
 
Figure B.1. Schematic illustration of method for calculating the brightness of the sky.  
The shaded annular plane includes the line of sight, PQ, from the observer toward a 
region in the sky (Region B in Fig. 1), and is perpendicular to the sunbeam.  The inner 
edge of the plane corresponds to the ground, and its outer edge is at the top of the 
atmosphere.  The sunbeam that enters and passes through the atmosphere is scattered 
by atmospheric molecules at A, and observed at P. 
 
Figure C.1. Errors estimated for the bandpass photometric intensities shown in Fig. 3a.  
The thick, thin, and dotted lines show the errors respectively for the R, G, and B bands. 
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Table 1. Video details 
 Facts and specifications of the video 
Author Aleksandr Ivanov 
URL https://www.youtube.com/watch?v=kFlpCT3v12E 
Download tool Craving Explorer 1.6.1 (http://www.crav-ing.com/) 
Frame size 1920  1080 pixels 
Color depth 0-255 for red (R), green (G), and blue (B) bands 
Frame rate 30 frames s
-1
 
 Coordinates of the observation point 
Latitude 56°24’59” N 
Longitude 61°55’11” E 
Altitude 170 m
 a
 
 Field of view of the camera 
Viewing direction 4° westward from south and -1° in elevation 
Field of view (azimuth) ±38° 
Field of view (elevation) ±24° at center and ±19° at left and right edges 
a: http://dateandtime.info/citycoordinates.php?id=1504826 
Table
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Table 2. Radiant energy [J] estimated for some blackbody temperatures 
 
Temperature 3000 K 4000 K 5000 K 6000 K 
This work 1.11015 3.91014 2.51014 2.21014 
Satellite results 5.401014 3.791014 3.551014 3.751014 
Table
Click here to download Table: yanagi_revised_Table2.doc
1 
 
Table B.1. Brightness of the sky 
 R band G band B band 
Wavelength [nm] 650 550 450 
Solar flux, Fsun0 [W m
-2
 nm
-1
] 
a
 1.59 1.88 2.00 
Atmospheric transmittance, T
b
 0.699 0.637 0.527 
Absorption cross section,  [m
2
] 1.6510-30 2.0810-30 2.9610-30 
Scattering cross section, R [m
2
] 2.1710-31 4.2410-31 9.4510-31 
ISKY [W m
-2 
sr
-1 
nm
-1
] 3.9710-4 5.6510-4 5.6310-4 
a: Livingson (1999). 
b: Schubert and Walterscheid (1999). 
Table
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